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ABSTRACT 


Surface  pressure  cross  spectral  measurements  near  the  leading  edges  of  a 
variety  of  airfoils  in  a  turbulent  flow  disclose  contributions  from  the  near  fields  of 
the  diffracted  pressures  and  the  incident  pressures  from  the  grid-generated 
turbulence.  The  thickness  dependence  of  the  measured  cross  spectra  of  the  near 
field  components  of  the  diffracted  surface  pressures  corresponds  to  the  thickness 
dependence  of  the  dipole  sound  measured  in  the  far  field. 
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1.  Introduction 

The  diffraction  of  turbulence  by  the  leading  edge  of  a  foil  produces  unsteady  lift  and 
dipole  sound.  The  dependence  of  the  foil  thickness  on  the  dipole  sound  was  determined  from 
measurements  by  Paterson  and  Amiet  (1976, 1977)  and  Olsen  and  Wagner  (1982).  These 
measurements  demonstrated  that  the  foil’s  thickness  attenuates  the  leading  edge  lifting  dipole 
sound  progressively  with  increasing  frequency  over  that  for  the  zero-thickness  case  modeled  by 
Sears  (1941).  Numerical  simulations  in  the  spatial  domain  using  blade  vortex  interaction  (BVI) 
methods  by  Martinez  and  Rudzinski  (1997)  and  Grace  (2001)  have  also  captured  the  affect  of 
foil  thickness  on  the  unsteady  lift. 

Gershfeld  (2003)  accounted  for  the  thickness  effect  by  modeling  the  dipole  sound  as  a 
leading  edge  diffraction  problem  using  an  acoustic  analogy  and  a  shape  dependent  Green 
function  [Howe  (1998  a,  b)].  In  this  analysis,  the  magnitude  of  Sears’  (1941)  function,  \S(k\,h)\ , 
for  a  foil  with  thickness,  h,  was  determined  to  be 

\S(kl,h)\*\S(kl)\e-klh,4,  0-1) 

where  \S(k{)\  is  the  magnitude  of  Sears’  (1941)  function  for  the  foil  with  fa= 0  and  k\  is  the  wave 
number  component  in  the  streamwise  direction.  When  the  flow  with  velocity,  U,  in  the  leading 
edge  diffraction  zone  is  assumed  to  be  frozen  in  the  streamwise  direction,  then  k\=co/U  in  Eq. 

(1.1)  and  the  frequency  dependence  of  the  thickness  correction  is  obtained.  Figures  (1.1)  and 

(1.2)  [Gershfeld  (2003)]  show  respectively,  a  comparison  of  the  measured  dipole  sound  from 
Paterson  and  Amiet  (1976, 1977)  and  the  predicted  dipole  sound  for  a  foil  with  thickness  to 
chord,  c,  ratio  of  zero  (h/c=0),  and  with  a  thickness  to  chord  ratio  of  the  NACA  0012  section, 
h/c=0.12.  The  thickness  effect  is  incorporated  in  the  near  field  portion  of  the  Green  function  that 
determines,  in  part,  the  net  dipole  force  associated  with  the  acoustic  radiation  from  the 
diffraction  of  turbulence  by  an  edge  of  a  given  geometry  [Howe  (1998a,  b)]. 

The  acoustic  analogy  thickness  theory  is  restricted  to  predicting  the  scattered  pressures  in 
the  far  field  since  this  enables  the  near  field  and  the  far  field  components  of  Green’s  function  to 
be  separated.  This  form  of  Green’s  function  cannot  account  for  the  surface  distribution  of  the 
scattered  pressures  that  determine  the  dipole  force  when  the  surface  is  not  in  the  far  field.  This  is 
especially  the  case  in  the  vicinity  of  the  leading  edge  region  where  the  diffracted  surface 


2 


pressures  are  the  largest.  The  theories  that  describe  the  scattered  surface  pressure  variation  by 
Sears  (1941),  Osborne  (1973),  and  Amiet  (1975)  are  restricted  to  foils  without  thickness.  These 
zero-thickness  theories  were  shown  by  Paterson  and  Amiet  (1976,  1977)  to  qualitatively  describe 
at  lower  frequencies  the  diffracted  surface  pressures  measured  on  a  thick,  NACA  0012  foil. 

Sears’  function  and  the  thickness  correction  (Eq.  1.1)  depend  only  on  k\.  Therefore,  the 
diffracted  pressures  from  the  thick  foil  do  not  couple  directly  to  the  normalized  wave  number 
spectrum  of  the  incident  up-wash  velocity,  ^(fe),  in  the  thickness  direction  (2)  except  indirectly 
at  k2=0.  Gershfeld  (2003)  has  shown  that  the  incident  pressures  depend  on  the  integral  length 
scale  of  the  up- wash  velocity  component  in  the  thickness  direction,  hlft=<fh(k2  =0).  The 
diffracted  pressures  must  also  depend  on  ^(&2=0)  since  they  are  proportional  to  the  incident 
pressures. 

At  high  reduced  frequencies,  coh/U ,  the  diffracted  surface  pressures  are  likely  to  be 
difficult  to  measure  since  the  ratio  of  the  diffracted  pressure  field  to  the  incident  field  is 
substantially  proportional  to  Eq.  (1.1).  This  makes  it  likely  that  at  high  frequencies  where  the 
foil  thickness  reduces  the  magnitude  of  the  dipole  force,  the  incident  pressures  will  dominate  the 
near  field  components  of  the  diffracted  pressures.  Minniti  and  Mueller  (1998)  measured  the 
diffracted  component  of  the  leading  edge  pressures  on  a  thin  foil  that  encountered  a  time  mean 
distortion  from  an  upstream  rotor.  The  phase  variation  with  frequency  of  the  surface  pressure 
cross  spectra  measured  on  the  same  side  of  the  foil  implied  a  convection  speed  equivalent  to  the 
incident  field.  The  magnitudes  of  the  surface  pressures  away  from  the  leading  edge  were  above 
the  theoretical  values.  Both  of  these  observations  suggest  that  the  measured  pressures  may  have 
had  significant  contributions  from  the  incident  field. 

In  the  current  paper,  cross  spectral  measurements  of  the  surface  pressures  near  the 
leading  edges  of  the  foils  are  used  to  distinguish  between  contributions  to  the  measured  total 
surface  pressure  field  from  the  incident  surface  pressures  and  the  surface  pressures  due  to  the 
near  field  component  of  the  diffracted  pressures.  Since  the  normalized  wave  number  spectrum 
of  the  up-wash  velocity,  ^(fe),  does  not  couple  directly  to  the  diffracted  pressures,  it  is 
anticipated  that  the  cross  spectrum  of  these  pressures  from  measurements  on  opposite  sides  of 
the  foil  would  not  be  a  function  of  the  correlation  coefficient  of  the  up-wash  velocity,  72^2),  in 
the  thickness  direction,  r2,  where 
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(1.2) 


r2(r. 0=  \UK)^dk2 


Since  the  correlation  coefficient  of  the  incident  upwash  velocity,  yiiri),  is  spatially 
attenuated  [Corcos  (1963)]  in  the  thickness  direction, 


y1{(or1  fU)  =  e 


-ba>\rt\/U 


(1.3) 


the  corresponding  pressure  cross  spectrum  of  the  incident  pressures  will  be  attenuated  by  this 
factor  while  the  cross  spectrum  of  the  diffracted  pressures  will  not  be  attenuated.  This  will  be 
exploited  to  reject  the  incident  surface  pressures  especially  at  the  high  frequencies  where  they 
would  be  expected  to  dominate  the  diffracted  pressure  field  while  the  cross  spectrum  of  the 
diffracted  pressures  will  not  be  attenuated  by  Eq.  (1.3).  These  measurements,  which,  when 
obtained  from  a  variety  of  leading  edge  shapes  will  explicitly  show  the  thickness  dependence  of 
the  net  force  via  the  near  field  components  of  the  diffracted  surface  pressure  cross  spectra. 
Section  2  describes  the  experiment  and  the  motivation  for  the  designs  of  the  different  airfoil 
models  and  Section  3  shows  the  surface  pressure  measurements  that  recover  the  unsteady  lift 
dependence  on  the  airfoil  shape  as  described  by  Eq.  (1.1). 
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Figure  1.1.  A  comparison  of  the  NACA  0012  (h/c= 0.12)  dipole  sound  measurements  of  Paterson  and  Amiet 
(1976,1977)  (points),  and  the  thickness  theory  [Eq.  (3.8)  of  Gershfeld  (2003)]  with  hlc= 0.0  (lines) 
for  flow  speeds  of  40  m/s,  60  m/s,  90  m/s,  and  120  m/s. 


2.  Experiment  Design 

Surface  pressure  cross  spectra  were  measured  near  the  leading  edges  of  a  variety  of 
airfoils  in  the  Anechoic  Flow  Facility  (AFF)  at  NSWCCD.  This  facility  (Fig.  2.1)  houses  a 
closed  circuit,  low  turbulence  (0.1%)  wind  tunnel  with  an  8  ft  by  8  ft  test  section  that  exhausts 
into  an  anechoic  room  with  a  23.5  ft  by  23.5  ft  cross  section.  The  maximum  flow  speed  is 
approximately  170  ft/s.  Turbulence  incident  to  the  foil  leading  edge  was  generated  by  a  grid 
located  at  the  upstream  end  of  the  test  section.  The  grid  was  composed  of  4-inch  diameter 
aluminum  tubes  with  a  center  to  center  spacing  of  1.67  ft.  The  tubes  were  bolted  together  at  their 
intersections  and  secured  to  a  frame  that  was  wedged  into  the  downstream  leg  of  the  tunnel 
contraction  as  indicated  in  Fig.  2.2.  The  8  ft  span  foils  were  mounted  at  the  down  stream  end  of 
the  test  section  as  illustrated  in  Fig.  2.3.  The  aft  2/3  of  the  airfoil  chord  was  placed  in  the 
anechoic  room.  A  platform  extended  into  the  anechoic  room  and  served  as  a  support  for  the 
lower  end  of  the  foils.  The  upper  end  of  the  foil  was  secured  to  an  angle  bracket  that  was  tied  to 
the  wall  of  the  anechoic  room  by  a  2-inch  diameter  rod.  Fig.  2.4  shows  a  comparison  of 
dimensionless  parameters  of  the  current  design  with  those  of  Paterson  and  Amiet’s  (1976, 1977) 
experiment. 

Data  from  four  airfoil  models  are  presented  in  this  report.  Figure  2.5  illustrates  the  dual 
use  of  a  NACA  0012  airfoil  with  a  chord  length  of  4  ft.  In  one  configuration,  the  foil  was 
oriented  with  the  round  nose  (RN)  facing  upstream  in  order  to  measure  the  near  field  of  the 
diffracted  pressures  associated  with  the  foil  geometry  that  Paterson  and  Amiet  (1976,  1977)  used 
to  measure  the  dipole  sound  shown  in  Figs.  1.1  and  1.2.  The  second  orientation  placed  the 
trailing  edge  of  the  NACA  0012  foil  into  the  wind.  This  sharp  nose  (SN)  configuration  (Fig.  2.5) 
was  used  to  simulate  a  semi-infinite  wedge  with  a  16  deg.  interior  angle.  When  the  chordwise 
extent  of  the  bevel  (3  ft)  is  much  greater  than  the  convection  wavelengths,  U/f,  of  the  incident 
field,  the  length  of  the  bevel  behaves  as  if  it  were  semi-infinite  [Howe  (1988)].  Crighton  and 
Leppington  (1975)  showed  that  for  exterior  angles,  a  (in  radians),  the  dipole  sound  power 
spectrum  (PS)  from  a  semi-infinite  wedge  can  be  expressed  in  terms  of  the  dipole  sound  PS  from 
a  half-plane, 


(2.1) 


7 


where  8  is  the  boundary  layer  thickness  and  M  is  the  flow  Mach  number.  The  16  deg.  wedge  has 
an  exterior  angle  of  6  rad.  The  exponent  in  Eq.  (2.1)  becomes  0.04.  Thus,  the  16  deg.  wedge 
(SN)  has  the  same  scattering  efficiency  as  the  half  plane  for  all  of  the  frequencies  and  flow 
speeds  of  this  experiment.  The  sharp  nose  (SN)  configuration  permitted  the  near  field  dipole 
pressures  to  be  measured  for  the  theoretical  zero-thickness  case  plotted  in  Figs.  1.1  and  1.2.  A 
second,  NACA  0018  foil  was  also  oriented  in  the  SN  configuration  with  the  trailing  edge 
pointing  into  the  flow.  This  foil  has  virtually  the  same  scattering  efficiency  as  the  NACA  0012 
foil.  However,  it  had  a  metal  trailing  edge  that  allowed  easier  placement  of  the  surface  pressure 
transducers. 

A  third  leading  edge  shape  consisted  of  a  local  60  deg.  interior  angle  bevel,  designated 
the  wedge  nose  (WN)  as  illustrated  in  Fig.  2.6.  It  is  shown  in  comparison  to  the  RN  edge 
configuration.  The  NACA  0012  foil  was  constructed  in  two  parts.  These  parts  allowed  for  a 
variety  of  leading  edges  to  be  bolted  on  to  a  baseline  foil,  forming  a  contiguous  section  shape. 
The  baseline  leading  edges  were  formed  as  one-foot  chord  length  appendages  to  the  aft  3  ft. 
chord  length  baseline  NACA  0012  section.  The  parting  line  for  the  fore  and  aft  section  shapes 
can  be  seen  in  Fig.  2.3.  A  fourth  leading  edge  shape,  designated  as  the  intermediate  nose  (IN) 
was  similar  to  the  wedge  edge  (WN)  except  that  the  apex  of  the  wedge  was  rounded  with  a  one- 
half  inch  radius  of  curvature. 

Surface  pressures  were  measured  with  Entran  EPE-C01-2P-M09F  (flat)  sensors  and 
Endevco  850 1C  sensors.  The  transducers  were  signal  conditioned  by  Endevco  106  amplifiers. 
The  pressure  signals  were  spectrum  analyzed  with  a  Hewlett-Packard  3567A  analyzer.  The 
ensemble  size  of  the  surface  pressure  spectra  was  1,000. 
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Fig.  2.1.  Anechoic  Flow  Facility,  NSWCCD. 
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Fig.  2.2.  An  illustration  of  the  turbulence  generating  bi-plane  grid  design. 


Figure  2.3.  Experimental  configuration  of  turbulence  generating  grid  and  airfoil  in  the  Anechoic  Flow  Facility. 


Current  Experiment  Paterson  and  Amietn976) 
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Figure  2.4.  A  comparison  of  dimensionless  parameters  of  Paterson  and  Amiet  (1976)  and  the  current  experiment 


Reversed”  NACA  0012  Foil: 
*  Simulates  16  deg. 
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Figure  2.5.  Schematic  of  a  NACA  foil  section  shape  oriented  with  the  leading  edge  or  round  nose  (RN)  facing  the 
wind  and  with  the  trailing  edge  or  sharp  nose  (SN)  facing  the  wind. 
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Figure  2.6.  Illustrations  of  the  wedge  nose  (WN)  and  round  nose  (RN)  geometry. 


3.  Experimental  Results 

In  this  section,  the  magnitudes  and  phases  of  the  surface  pressure  cross  spectra  measured 
near  the  leading  edges  of  the  foils  described  in  Section  2  are  presented  to  elucidate  the  distinct 
properties  of  the  incident  and  scattered  pressure  fields  that  make  up  the  total  pressure  field.  The 
cross  spectral  measurements  taken  on  opposite  sides  of  a  foil  will  be  used  to  recover  the 
“thickness  effect”  of  the  near  field  lifting  pressures  of  the  leading  edge  dipoles  from  the 
NACA0012  foil  (RN)  and  the  “zero-thickness”  foil  (SN)  and  two  intermediate  leading  edge 
shapes.  As  discussed  in  Section  1,  the  incident  surface  pressure  cross  spectra  measured  on 
opposite  sides  of  the  leading  edge  are  postulated  to  depend  on  the  correlation  coefficient  in  the 
thickness  direction  while  the  cross  spectra  of  the  scattered  surface  pressures  do  not.  This  will  be 
exploited  in  this  section  to  obtain  the  scattered  pressure  field  at  high  frequencies  where  the 
thickness  effect  is  pronounced  (Fig.  1.1)  and  the  power  spectrum  of  the  incident  surface 
pressures  is  most  likely  to  dominate  the  scattered  pressures. 

Coherence  measurements,  yi  (ojr2/U),  of  the  surface  pressures  were  obtained  from  surface 
pressure  sensors  located  on  opposite  sides  of  the  foil  at  a  fixed  streamwise  position,  y\, 
approximately  0.5-inch  from  the  leading  edge  stagnation  point.  They  are  plotted  in  Fig.  3.1  for 
the  sharp  nosed  foil  (SN)  in  blue  and  the  round  nosed  foil  (RN)  in  red  for  flow  speeds  (in  ft/s)  of 
50, 100,  and  150.  The  sensor  separation  distances  through  the  thickness  of  the  foils,  r2,  for  the 
SN  and  RN  foils  are  0.071-inch  and  1.38-inch  respectively.  If  the  scattered  field  was 
proportional  to  the  correlation  coefficient,  y2  of  the  incident  field  in  the  thickness  direction, 

r^ar,  IU)  =  e-‘^m  ,  (3.1) 

then  the  frequency  normalization  of  the  coherence  plots  in  Fig.  3.1  would  have  normalized  this 
dependence  and  only  the  thickness  dependence  of  the  scattered  pressure  field  would  remain.  It  is 
clear  from  this  data  that  the  cross  spectra  of  the  lifting  pressures  are  independent  of  this 
correlation  coefficient. 

Power  spectra  in  the  leading  edge  region  of  the  round  nose  (RN),  intermediate  nose  (IN), 
wedge  nose  (WN),  and  sharp  nose  (SN)  foils  are  plotted  in  Figs.  3.2  and  3.3  for  a  flow  speeds  of 
100  ft/s  and  150  ft/s  respectively.  The  power  spectra  do  not  exhibit  the  thickness  dependence  in 
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the  high  frequencies  as  do  the  dipole  sound  predictions  as  illustrated  in  Figs.  1.1  and  1.2.  In  the 
high  frequencies,  it  will  be  shown  that  the  power  spectra  are  dominated  by  the  incident  pressures 
associated  with  the  near  field  component  of  the  quadrupole  radiation  from  the  grid  generated 
turbulence. 

Figure  3.4  illustrates  the  chordwise  variation  of  the  magnitudes  of  cross  spectra  taken  at 
100  ft/s  with  sensors  on  opposite  sides  of  the  sharp  nose  foil  (SN)  foil  for  distances  from  the 
leading  edge  in  inches  of  0.15, 0.27, 0.47, 0.97,  and  1.97.  These  data  are  plotted  for  fixed 
frequencies  as  a  function  of  distance  away  from  the  leading  edge  in  Fig.  3.5.  The  chordwise 
variation  is  compared  with  the  theoretical  variation  that  reduces  as  the  inverse  of  the  distance 
away  from  the  leading  edge.  At  low  frequencies,  the  pressure  power  spectra  reduce  as  the 
reciprocal  of  the  distance  from  the  leading  edge.  This  compares  favorably  to  the  zero-thickness 
theory  [Sears  (1941)].  The  reduction  in  pressure  level  as  a  function  of  chordwise  distance  from 
the  leading  edge  is  broadband  in  frequency.  This  suggests  that  the  cross  spectrum  measurement 
is  dominated  by  the  scattered  pressure  field  and  that  the  incident  pressure  field  is  rejected. 

Figure  3.6  illustrates  the  magnitude  and  phase  of  the  cross  spectrum  of  the  pressure  field 
measured  at  100  ft/s  near  the  leading  edge  of  the  wedge  nose  (WN)  foil.  The  pressure  sensors 
were  located  on  opposite  sides  of  the  foil  and  at  the  same  streamwise  location,  yi=0.5  in.,  relative 
to  the  leading  edge.  Below  800  Hz,  the  phase  difference  between  the  upper  and  lower  surfaces  is 
n  and  the  amplitude  is  reducing  relatively  quickly  in  frequency  in  accordance  with  the  scattered 
field  being  proportional  to  “Sears’  function.”  These  properties  are  indicative  of  the  near  field 
pressures  associated  with  the  leading  edge  dipoles  due  to  the  diffracted  turbulence  by  the  leading 
edge.  Above  800  Hz,  the  phase  difference  is  zero  between  the  pressures  on  opposite  sides  of  the 
foil.  This  is  indicative  of  the  incident  pressure  field  which  sees  no  variation  in  the  convection 
phase,  cori/U ,  with  frequency  when  the  streamwise  separation  between  the  sensors  is  zero  (ri=0). 
This  is  in  accordance  with  Corcos’  (1963)  representation  of  the  wall  pressure  cross  spectrum: 


0 


PP 


(rl,r3,o))  =  0p(co)e 


giWi  fU  g-jkofayU 


(3.2) 


The  streamwise  separations  are  a  function  of  r\  and  have  a  phase  variation  with  frequency.  The 
components  without  a  streamwise  separation  (either  in  the  spanwise  direction  of  the  foil  or 
through  the  thickness  of  the  foil)  have  no  phase  variation  with  frequency. 
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Figure  3.7  shows  the  same  measurement  as  Fig.  3.6  for  the  round  nose  foil,  (RN).  This 
plot  suggests  that  the  unsteady  lifting  pressures  generated  by  the  round  nose  are  weaker  than 
those  created  by  the  wedge  nose.  The  magnitude  and  the  phase  of  the  cross  spectrum  shows  the 
same  behavior  as  the  other  edge  illustrated  in  Fig.  3.6.  Below  600  Hz,  the  pressure  field  is 
dominated  by  the  near  field  pressures  of  the  diffracted  field.  Above  600  Hz,  the  pressures  are 
dominated  by  the  incident  pressure  field.  The  streamwise  transducer  separation  distance  is  zero 
(rl  =0),  and  the  incident  pressures  are  in  phase.  Since  the  incident  pressure  field  is  the  same  for 
both  measurements,  the  unsteady  lifting  pressures  dominate  the  incident  pressure  field  up  to  a 
lower  maximum  frequency  of  600  Hz  for  the  round  nose  (RN)  while  the  wedge  nose  (WN) 
dominates  the  incident  field  up  to  800  Hz. 

Figure  3.8  illustrates  a  cross  spectrum  of  the  surface  pressures  near  the  leading  edge  of 
the  intermediate  nose  (IN).  The  sensors  were  located  on  opposite  sides  of  the  foil  near  the 
leading  edge.  Below  600  Hz,  the  total  pressure  field  is  dominated  by  the  lifting  pressures 
associated  with  the  dipoles  and  the  phase  difference  is  1 80  deg.  At  higher  frequencies,  the 
magnitude  of  the  cross  spectrum  is  similar  to  those  presented  in  Figs.  3.6  and  3.7.  However,  the 
phase  difference  is  not  0  deg. 

The  pressures  of  the  leading  edge  dipoles  are  180  deg.  out  of  phase  for  positions  on 
opposite  sides  of  the  foil  near  the  leading  edge.  The  dipole  pressures  are  in  phase  for  pressures 
on  the  same  side  of  the  foil.  Surface  pressure  cross  spectra  measured  near  the  leading  edge  of 
the  foil  but  on  the  same  side  should  have  pressures  that  are  in  phase  in  the  lower  frequencies 
where  the  scattered  field  should  dominate  the  total  pressure  field.  As  described  by  Eq.  (3.2),  the 
incident  pressure  field  phase  will  vary  as  cor\IU  for  surface  pressure  cross  spectra  obtained  with 
sensors  that  are  displaced  a  streamwise  distance,  r\.  Figure  3.9  shows  the  magnitude  and  phase 
of  the  cross  spectrum  of  surface  pressures  measured  near  the  leading  edge  of  the  intermediate 
nose  (IN)  on  the  same  side  of  the  foil  with  a  streamwise  sensor  displacement  of  ri=l-inch. 

Below  400  Hz,  the  total  pressure  field  is  dominated  by  the  dipole  pressures  as  suggested  by  the 
frequency  dependence  of  the  magnitude  of  the  cross  spectrum  and  the  phase.  Above  400  Hz,  the 
phase  varies  in  accordance  with  convection  speed  of  100  ft/s  and  a  sensor  separation  of  distance 
of  1-inch.  This  indicates  that  above  400  Hz,  the  surface  pressure  field  is  dominated  by  the 
incident  pressures  from  the  near  field  of  the  quadrupole  pressures  of  the  grid  generated 
turbulence. 
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Figure  3.10  shows  the  magnitude  and  phase  of  the  surface  pressure  cross  spectrum  for 
pressures  measured  on  the  same  side  of  the  foil  near  the  leading  edge  of  the  wedge  nose  foil 
(WN)  for  a  flow  speed  of  100  ft/s.  Below  400  Hz,  the  pressures  are  in  phase  in  accordance  with 
the  dipole  lifting  pressures  and  above  this  frequency,  the  total  surface  pressure  field  is  dominated 
by  the  incident  field  with  a  phase  variation  of  a  eonvecting  pressure  field. 

The  magnitudes  of  the  pressure  cross  spectra  taken  on  opposite  sides  of  the  foil  near  the 
leading  edge  are  a  metric  of  the  magnitude  of  the  unsteady  lift  generated  by  the  leading  edge 
dipoles.  In  Fig.  3.1 1,  the  magnitudes  of  the  cross  spectra  from  surface  pressure  measurements 
made  on  opposite  sides  of  the  wedge  nose  (WN)  and  the  round  nose  (RN)  foils  are  plotted.  The 
round  nose  has  a  slightly  reduced  spectral  level  for  increasing  frequencies  than  the  wedge  nose. 
Even  though  the  wedge  nose  has  a  leading  edge  that  approaches  a  zero  radius  of  curvature,  the 
chordwise  extent  of  the  bevel  of  the  wedge  is  not  sufficiently  large  enough  to  simulate  the 
scattering  efficiency  of  the  semi-infinite  wedge. 

The  sharp  nose  (SN)  and  the  round  nose  (RN)  cross  spectra  are  plotted  in  Figs.  3.12  and 
3.13  for  flow  speeds  of  50  ft/s  and  100  ft/s.  These  plots  show  respectively,  the  relative 
exponential  reduction  in  scattered  surface  pressure  cross  spectra  for  the  round  nose  relative  to  the 
sharp  nose  configurations.  The  relative  difference  in  the  unsteady  lift  cross  spectra  corresponds 
to  the  theoretical  result  of  the  thickness  correction  to  Sears’  (1941)  function  [Gershfeld  (2003)] 
as  indicated  in  Eq.  (1.1)  for  frequencies  less  than  400-  500  Hz.  Above  this  frequency  range,  the 
incident  pressures  dominate  the  pressure  spectra  for  the  RN  configuration.  The  sharp  nose  foil 
appears  to  have  a  sufficiently  long  chordwise  extent  of  a  bevel  to  simulate  the  scattering 
efficiency  of  the  semi-infinite  wedge.  Included  in  these  figures  are  the  phases  of  the  cross 
spectra  of  the  SN  foils  showing  the  180  deg  phase  difference  due  to  the  lifting  pressures. 
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Figure  3.1.  Coherence  functions,  y{cayl\J)  for  sharp  nose  (SN),  and  round  nose  (RN)  leading  edges  obtained  from 

surface  pressures  measured  on  opposite  sides  of  the  foil  at  flow  speeds,  U,  in  ft/sec  of  50, 100,  and  150  with 
separations  of  r2(SN)=0.071-inch  and  r2(RN)=1.38-inch 
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Figure  3.3.  Power  spectra  of  the  surface  pressures  at  150  ft/sec  at  the  airfoil  leading  edge  for  the  round 
nose  (RN),  intermediate  noise  (IN),  wedge  noise  (WN),  and  sharp  nose  (SN). 
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Figure  3.4.  Chordwise  variation  of  the  magnitude  of  the  surface  pressure  cross  spectrum  for  a  flow  speed  of  100  ft/sec 
on  the  sharp- nosed  foil  (SN)  for  a  variety  of  streamwise  distances  (in  inches)  downstream  of  the  leading 
edge  of  0.15,  0.27, 0.47, 0.97,  and  1.97. 
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Figure.  3.6.  Surface  pressure  cross  power  spectrum  magnitude  and  p 
edge  of  the  wedge  nose  (WN)  at  U0  =  100  ft/s. 
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Figure  3.9.  Surface  pressure  cross  power  spectrum  magnitude  and  phase  from  meas' 
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Figure  3.11.  Lifting  component  of  the  pressure  cross  spectrum  for  the  wedge  nose  (WN)  and  round  nose  (RN) 
at  U0  =  100  ft/s  from  measurements  on  opposite  sides  near  the  leading  edge. 
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Frequency  (Hz) 

igure  3.12.  Cross  power  spectrum  magnitude  and  phase  from  pressures  measured  on  opposite  sides  of  the  foil  near  the 
leading  edge  of  the  round  nose  (RN)  and  the  16  degree  wedge  (SN)  at  U0  =  50  ft/s. 


4.  Conclusions 

Surface  pressure  cross  spectra  were  used  to  dissect  the  contributions  from  the  acoustic 
near  field  pressures  of  the  leading  edge  lifting  dipoles  and  the  quadrupoles  of  the  grid-generated 
turbulence  that  served  as  the  incident  field.  Coherence  measurements  of  the  surface  pressure 
spectra  made  on  opposite  sides  of  the  leading  edge  confirm  that  the  scattered  field  is  uncoupled 
to  the  <J>(k2)  components  of  the  incident  turbulence.  This  is  exploited  with  the  use  of  cross 
spectral  measurements  on  opposite  sides  of  the  foil  to  reject  the  incident  fields  so  that  the 
scattered  surface  pressures  can  be  measured  at  higher  frequencies  where  the  thickness  effect  is 
pronounced.  The  surface  pressure  cross  spectra  showed  the  thickness  correction  to  Sears’ 
function  [Gershfeld  (2003)]  that  was  also  observed  in  the  far  field  from  the  dipole  sound 
measurements  of  Paterson  and  Amiet  (1976, 1977)  and  Olsen  and  Wagner  (1982).  The  thickness 
dependence  of  the  dipole  sound  is  only  weakly  dependent  on  the  leading  edge  radius  of  curvature 
at  the  apex  of  the  edge  and  is  mainly  a  function  of  the  foil’s  maximum  section  thickness. 
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